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ABSTRACT
The number of aging commercial aircraft in service is steadily increasing as airlines continue to
extend the life of their aircraft. Aging aircraft are more susceptible to fatigue and corrosion
and require more frequent and intensive inspections and maintenance, which is a financial
drain on operators. One way to improve the economics and safety of commercial aircraft is
through implementation of a structural health monitoring (SHM) system. An ideal SHM would
be able to give be capable of indicating damage type, location, severity, and estimate the
remaining life of the structure while the structure is in use. This paper is an overview of how
SHM can be applied in commercial aviation including discussion of requirements,
implementation, challenges, and introducing several possible SHM systems. The SHM systems
introduced in this paper are: vibration based monitoring, fiber optic sensors, and high
frequency wave propagation techniques including acoustic emission, ultrasonic, Lamb waves,
piezoelectric and MEMS actuator/sensors. The limitations and challenges inhibiting
introduction of SHM to industry and recommendations for the future are also discussed.
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1. Introduction
Structural health monitoring is a highly researched and published topic and its growth
as a field is increasing with time, and for good reason. The potential safety and financial
benefits for aging structures, including aerospace structures, is enormous. Despite this,
structural health monitoring is still a research topic and has not worked its way into industry
yet. This paper is a summary of various structural health monitoring techniques and how they
apply to aerospace structures with a focus on commercial aviation. The paper will begin with
an introduction to aging aircraft covering the topics of inspection, damage types,
nondestructive evaluation and inspection, design philosophies, and structural health
monitoring requirements. The paper will then move to introducing structural health
monitoring, its benefits, and how it can be applied to airplane structures. From there the
paper will proceed to discuss several possible structural health monitoring techniques
(implementation, theory, advantages, and challenges) starting with vibration based, followed
by fiber optic sensors, and high frequency wave techniques including different wave and
sensor types. The paper will then discuss the challenges facing implementation of SHM in
aerospace structures followed by a summary and conclusion.
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2. Aging Aircraft
When jet airline travel debuted it was seen as a novel form of travel reserved for those
who could afford it; people dressed up when they flew and pilots were well respected. In the
matter of a few short decades the novelty and cost of flying has decreased substantially. What
was once a rare and almost majestic form of transportation has been replaced by a form of
mass transportation as a large number of airlines compete for the same customers forcing the
airlines to cut prices. Due to the sharp increase in competition and lower ticket prices, airlines
must find ways to slash costs and maintain a margin of profit. With the cost of new airplanes
on the order of hundreds of millions of dollars ($220 million for a 747), airlines must squeeze
every productive flight hour from each of their planes (Boller and Staszewski 2004). As a
result, the average age of aircrafts in service is steadily increasing. Table 1 below lists the
number and age of aircraft in service as of 1999.
Total Fleet in Aging aircraft in 1999
Aircraft type
delivered service 09/01 15 Years 20 Years 25 Years
A300 503 411 (82%) 220 (46%) 60 (12%) 1 (0.2%)
A310 255 218(85%) 54(21%)
707/720 1009 379(37%)
727 1831 1247 (68%) 1381 (75%) 1127 (62%) 673 (38%)
737-100/200 1144 901 (79%) 853 (75%) 442 (39%) 222 (19%)
737-CFMI 1988 1971 (99%) 13 (0.17%)
747-100/SP/200/300 724 562 (78%) 490 (68%) 317 (44%) 154 (21%)
757 968 943(97%) 51(6%)
767 840 943(98%) 109(14%)
DC-8 556 243 (44%) 268 (48%) 268 (48%) 268 (48%)
DC-9 976 727(74%) 776 (79%) 739 (75%) 588 (61%)
DC-10 446 397 (89%) 333 (75%) 276 (62%) 162 (36%)
L-1011 249 155(62%) 185(74%) 113(45%) 60(24%)
Total 11489 8974 4733 (46%) 3342 (33%) 2128 (21%)
Table 1: Number of Aging Aircraft in 1999 (Boller and Staszewski 2004)
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As can be seen in the above table, a large portion of the world's commercial fleet is
over 15 years old and that percentage will only increase with time as operators try to
maximize the life of each airplane and additional planes begin to exceed the age of 15 years.
The foremost issues with aging aircraft are their reliability and safety, which tend to decrease
with age due to fatigue, corrosion, and general wear and tear. To ensure the continued safety
of aircraft, detailed inspections must be performed.
13
3. Inspection
Inspection and maintenance accounts for a large portion of an aircraft's total life cycle
costs. Airplane structures degrade in service and experience a variety of degradation
phenomenon. Figure 1 below is a diagram showing the relative importance and frequency of
various damage types in aerospace structures. All of these maladies increase with the service
life of the aircraft and due to these concerns the inspection and maintenance requirements of
an aircraft increases with age. Inspection accounts for an estimated 70 million man-hours and
$10.5 billion per year (Boller and Staszewski 2004). The majority of inspections (80%) are
visual and take on a variety of forms from preflight walk around by the pilot to extensive
checks where the airplane must be removed from service (Weber 1995). Due to the
complexity of airplane structures, many critical areas of the airplane are not easily accessible
for inspection and require extensive disassembly and reassembly in order to inspect. These
types of inspections required a substantial amount of labor and cost; many times just to find
out that the structure is still intact (Boller and Buderath 2007). In addition to the direct costs
of inspection and repair (materials, labor, etc.) there is the indirect cost associated with taking
the airplane out of service which may have more of a significant financial impact on the
operator.
Metallic Structure
-Fatigue crack development 100
-Corrosion 82
-Bonding/disbonding of joints 70
-Stress corrosion cracking 47
-Impactdamage 24
Composite structure:
-Impact Damage 65
-Delamination 65
-Bondi ng/debondi ng 55
Figure 1: Frequency and Significance of Damage Types (Boller and Staszewski 2004)
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Without a doubt fatigue cracking in metallic parts is the most crucial feature of aging
aircraft both in terms of quantity and importance, as depicted in Figure 1 above. A breakdown
of the location and source of fatigue cracks is found in Figure 2 and 3 below.
Location of Fatigue Cracks
0.1% 3.5% 0.7%
4.4%
" Fuselage
" Wing
* Empennage
* Pylon
* Door
Figure 2: Location of Fatigue Cracks (adapted from: Boller and Staszewski 2004)
Figure 3: Crack Initiation Locations (adapted from: Boller and Staszewski 2004)
Inspection intervals and types are based partly on fatigue life estimates based on
structural analysis and partly from past events. Many features of aircraft design and
inspection procedures, especially fatigue details, are based on "lessons learned." Lessons
learned are incidences where undesirable events led to a better understanding of how the
structure performs. While there are many events that have led to a better understanding of
structures, most of these events were small scale and did not directly threaten safety, but two
15
Crack Initiation Location
12.5% 3.4% 0.7%
* Geometry
N Holes for joints
N Others
N Pylon
* Door
tragic events that greatly affected inspections methods and aircraft design will be discussed
here.
3.1 De Havilland Comet
In 1949 the de Havilland Comet debuted as the world's first commercial jetliner.
However, in the early years of service it experienced catastrophic in-flight break-up caused by
fatigue (Weber 1995). The Comet was designed with a safe-life approach (which will be
discussed in further detail later) and was designed to be inspection free because safe-life
structures should not experience cracking during their lifetime. This design philosophy was
based on some incorrect assumptions (which will be discussed in Section 4.4) and led to
multiple tragic incidents. The Comet incidences led to a better understanding of the
importance of inspection, namely that airplanes cannot be operated inspection free. Some of
the Comet airplanes had a full service life through the installation of a rigorous inspection
plan.
Figure 4: De Havilland Comet (Comet 01 2001)
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3.2 Aloha Airlines Flight 243
On April 28, 1988 Aloha Airlines, operating a 737-200, experienced explosive
decompression due to a hole opening up in the fuselage. The rapid exodus of air resulted in
the loss of part of the fuselage and the tragic death of one flight attendant who was swept out
of the plane. Figure 5 below shows Aloha flight 243 with the missing section of fuselage.
Miraculously the pilot was able to land the aircraft even with the missing fuselage and, while
many passengers sustained injuries, there was no additional loss of life. The hole initiated at a
fuselage lap joint and although corrosion, poor maintenance, and a harsh service life
(frequent, short inter-island flights in a corrosive environment) played a role in the tragic
accident, the cause was determined to be a phenomena termed "multisite damage" or "wide
spread fatigue damage". For design of aircraft at this time and at this particular location, initial
fatigue life estimates were based on one crack initiating at one rivet hole, but Aloha flight 243,
and other aging aircraft, actually experience simultaneous fatigue cracking at multiple rivet
holes. This type of multisite damage greatly shortens the propagation of cracks and therefore
shortens the fatigue life as shown in Figure 6 below. This event and the knowledge gained
from it led to an understanding that aging aircraft need more frequent inspections. Aircraft
are inspected regularly until a specific age, after which more detailed and more frequent
inspections are required at specific locations due to multisite damage concerns. Figure 7
below details some of the locations prone to fatigue damage and that require more rigorous
inspections.
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Figure 5: Aloha Airlines Flight 243 (Stoller 2001)
rivet
assumed crack length
real crack length
crack initiation
length of MSD Onset
\ . e crack strength of MSD
MS ultimate
critical residual
single crack
detectable multiple cracks
flights
life (flights)
normal inspection special MSD further
inspections actions
Figure 6: Effect of Multisite Damage on Fatigue Life (Boller and Buderath 2007)
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stringer nm-outs
successive frames
wing/fuselage
attacluent
nose landing gear bay
Figure 7: Inspection Locations for Multisite Damage (Boller and Buderath 2007)
3.3 Non-Destructive Evaluation
Inspection of airplane structures is assisted by various non-destructive evaluation
(NDE) techniques. Thomas describes NDE in the following:
"NDE encompasses materials characterization, real-time inspection during
manufacturing, flaw/damage detection in components, and inspection of
assemblies for tolerances and alignment. NDE also can provide periodic in-
service monitoring of flaws both to determine the maintenance requirements
and to assure the reliability and continued safe operation of the part. NDE
increases the functionality of any component during its entire life.
Nondestructive evaluation techniques can be categorized into global, larger area
methods and local, high resolution methods. Global techniques such as acoustic
emission, infrared imaging and ground penetrating radar offer rapid inspection
of large structures. High resolution, localized techniques such as ultrasonic, x-
ray, computer tomography, and eddy current better characterize the defects."
(Thomas 1995)
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Nondestructive evaluation is a wide field and many of the technologies used in NDE
are the basis for various structural health monitoring systems. There is a branch of NDE called
nondestructive inspection (NDI) that is specifically used to assist aircraft inspections. The NDI
techniques and technologies most commonly used in commercial aviation will be described
below.
3.3.1 Ultrasonic
Ultrasonic testing is a technology that is quickly gaining popularity in inspection of
aircraft structures. Ultrasonic testing is based on measuring changes in high frequency sound
waves introduced into a material to locate defects and determine size. High frequency waves
propagate through a material consistently and can travel long distances, although they lose
energy as they travel. These waves also experience absorption, reflection, and scattering at
material or physical boundaries including various types of damage. The changes in the wave's
properties, generally the reflection, are measured and used in ultrasonic testing (Staszewski
et. al. 2004).
To facilitate testing, pulses of ultrasonic waves are introduced to the material through
a probe and the reflected response of these pulses can then be measured with the same
probe or a second probe. The induced waves can either be longitudinal (the direction of
particle motion matches the direction of wave propagation) or shear (the direction of particle
motion is transverse to the propagation direction) (Staszewski et. al. 2004). When two probes
are used, called the pulse-echo method, longitudinal waves are introduced and access to both
sides of the structures is required. Multiple readings with two probes can be used to form a
surface contour plot. Ultrasonic testing with one probe is called pitch-catch mode and is
generally performed with shear waves. The frequency used in ultrasonic testing varies
depending on usage. Low frequency waves (less than 2 MHz) penetrate deeper while high
frequency waves (over 15 MHz) have better sensitivity (Staszewski et. al. 2004). In order to be
effective in detecting damage, the wavelength of the induced excitation must be of the same
20
order of magnitude as the size of the damage of interest (Boller and Staszewski 2004; Thomas
1995; Staszewski et. al. 2004).
Ultrasonic inspection can be used in a variety of materials, including both metals and
composites, and is used to inspect for cracks, voids, delaminations, and material
imperfections. In addition, ultrasonic testing can be used to determine grain size, elastic
moduli, residual stress mapping, bond quality, and geometric properties such as thickness.
Ultrasonic testing is very sensitive and the resolution can be as small as a few micrometers.
However, ultrasonic testing is limited by being a point location monitoring system, requiring
liquid coupling to the testing surface in order to limit acoustic impedances, requiring access to
both sides which implies disassembly and reassembly in aircraft structure, requiring repeated
measurements on difficult geometry, and the equipment is bulky and expensive (Boller and
Staszewski 2004; Thomas 1995; Staszewski et. al. 2004).
Figure 8: Ultrasonic Testing Probe (Ultrasonic-probe 2011)
3.3.2 Liquid Penetrant
Liquid penetrant inspection is an extremely local, surface based test. It is frequently
used during fabrication to inspect materials and parts. Liquid penetrant requires a clean
surface onto which a florescent penetrating die is applied. The dye will penetrate into any
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surface defect such that when the surface is then cleaned and an appropriate lighting is
applied (black light, etc.), the florescent dye will stay trapped in any surface defects and glow
under the light source indicating any imperfections on the surface. This technique requires a
clean surface and an enclosed location, so it is not common in the field. Penetrant inspection
also requires knowledge of where to look for surface defects and only highlights defects for
ease of visualization and does not quantify the defects in any way (Thomas 1995).
3.3.3 Eddy Current
Eddy current inspection is the most common NDI technique used in commercial
aviation; 85% of NDE applications use eddy current testing (Weber 1995). An eddy current
probe consists of a coil with an alternating current passing through it. The magnetic field
through this coil, and thus through the probe, induces closed loops of current in the specimen
at the end of the probe, called eddy currents. These eddy currents become distorted if defects
are present and the probe measures these disturbances. Eddy current testing is accurate,
simple to implement and is made easier with custom designed probes. Equipment for eddy
current testing is inexpensive and, through the use of multiple frequencies, subsurface
elements can be inspected. However, this method requires large amounts of power, extensive
calibration, and the data must be interpreted by skilled technicians (Boller and Staszewski
2004). Figure 9 below diagrams the creation of eddy currents in a specimen by an eddy
current probe.
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Magnetic Field
Alternating Current
Eddy Currents
Figure 9: Eddy Current Probe (adapted from: Boller and Staszewski 2004)
3.3.4 Radiographic
Radiographic testing uses penetrating waves such as X-rays, gamma rays, and beta
particles to generate an image of the internal structure. As these rays pass through the
material some of the energy is absorbed. The level of absorption can be measured with film
creating a picture of the internal structure. From those images damage such as fatigue cracks,
delaminations, and corrosion can be viewed and monitored. This technique is quick, relatively
inexpensive, and can penetrate deep, however it is not sensitive to small amounts of damage
and is hard to implement in large structures such as airplanes (Boller and Staszewski 2004).
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4. Fatigue
Fatigue is a "failure" phenomenon that occurs in materials under cyclic loading at
stress level much lower than the yield or ultimate stress of the material. From Boller and
Buderath 2007: "Fatigue is the effect resulting from a component being repeatedly loaded. It
results in striations starting in grains of metallic material which then nucleate a crack that at
certain size can be detected by means of non-destructive testing. The number of loading
cycles at a defined load is the characteristic for a fatigue life." Fatigue damage presents itself
in the form of cracks which initiate at imperfections in the material. Cracks start extremely
small and take successive loading and unloading to form. Fatigue performance depends on
material properties, loading, and stress concentrations.
4.1 Material
Material is the most important factor affecting fatigue performance because fatigue
cracks initiate due to material impurities. The initiating size and rate of growth depend on
grain size, temperature, and loading types. To find a material's fatigue attributes, extensive
testing must be performed and it is common to have scatter in material fatigue properties of
up to a factor of two or more (Boller and Buderath 2007). This scatter necessitates the use of
large safety factors for fatigue due to material uncertainty. Material testing results in S-N
curves that relate failure stress to the number of cycles. An example of a basic, nonspecific S-
N curve is shown in Figure 10. This is a basic depiction of an S-N curve at one specific stress
ratio. Stress ratio is a measure of the difference in stress level between loading and unloading
and has an effect on a material's fatigue life. For example, a sample that alternates between
tension and compression stresses performs differently than a sample that alternates between
different tension stress levels. An S-N curve used in practice considers stress ratio, number of
cycles, and, in the case of Boeing, compares those values to relative fatigue rating called a
24
detail fatigue rating (DFR). The DFR is used to compare the relative fatigue performance of
various details.
61 --------------
- - - - - - - - - - --
II
103 10 fatigue lfeO
at Ube" 81
I I I I I
107  NI 106 109 1010
cycles to failure N(logerlthmic sat.)
Figure 10: Generic S-N Curve (Tarr 2007)
4.2 Stress Concentrations
Fatigue cracks are more likely to initiate in areas of stress concentration. Stress
concentrations are changes in geometry that cause a spike in the stress distribution. Common
stress concentrations found in aerospace structures include: notches, holes, cutouts, and
trims etc. For example, consider a flat bar with a hole in the center (see Figure 11 below)
stresses in the bar must go around the hole much like water flows around a rock in a river.
This causes the stresses next to the hole to be much higher than in the parent part. For a
quality round hole without edge concerns, the stresses at the edge of the hole are 3 times
higher than in the nominal section. The effect of a stress concentration is dependent on part
25
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details such as thickness, width, and shape, and stress concentration details such as radius,
depth, and distance to edges or adjacent stress concentrations.
a I 
l__
Figure 11: Stress Concentrations around a Hole (original sketch)
4.3 Loading
Loading on airplanes is determined by a combination of experience, flight plan
descriptions, and strain gage information. The spectral loading for airplanes is a complex
issue. Defined airplane flight maneuvers, (such as landing, take off, flaps down, and turning
maneuvers) are used in conjunction with finite element models (FEM) to define a loading for
each maneuver. The various maneuvers necessary for a flight are then "added up" according
to a normalized amount of damage on the structure due to that flight. Every flight during an
aircraft's life is different and either multiple flight types or a worst case scenario flight is used
to define the flight sequences for the life of the airplane. From there the accumulated damage
over the life of the airplane can be found.
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4.4 Fatigue Design Philosophies
Many standards and regulations in the aerospace industry are based on past events,
some of which were tragic. Fatigue design is one area of aerospace design that has seen vast
changes in philosophy and understanding due to these events. The following paragraphs
detail how "lessons learned" affected the progression and evolution of fatigue design
philosophies. Figure 12 below diagrams the hierarchy of fatigue design philosophies.
TolelaaDesign
I-
IL
Figure 12: Fatigue Design Hierarchy (adapted from: Boller and Buderath 2007)
4.4.1 Safe-Life
As mentioned previously, the de Havilland Comet was the world's first commercial
jetliner and it experienced catastrophic in-flight break-up caused by fatigue (Weber 1995).
These tragic accidents shed light on the fatigue design philosophy used at the time and led to
the development of new philosophies. At the time the Comet was designed, a safe-life design
philosophy was used. The safe-life design philosophy proposes that by knowing the load
spectra and the fatigue properties of the material, a part can be designed for a specific
lifetime by controlling the stress levels through geometric properties (i.e. larger cross section
27
Fatigue Design
Safe Life Design
Fail Safe
Slow Crack
Propagation
Crack Stopper Multiple LoadPath
implies lower stresses and longer fatigue life). If the number of flights of the airplane exceed
the fatigue life of a part, that part would need to be removed and replaced. Safe-life assumed
and tolerated no damage in the structure. This design philosophy is inaccurate, because it
assumes no initial defects which are in fact inherent to materials. Safe-life designs result in
larger and heavier parts than the newer design philosophies. Despite the shortfalls of safe-life
designs, certain parts in commercial aircraft are still designed as safe-life, most notably
landing gear. The repetitive nature and high magnitude of loads induced on landing gear are
such that landing gear cannot be efficiently designed for life of the aircraft; instead landing
gear is replaced at the end of its safe-life, which is less than the overall life of the aircraft.
4.4.2 Damage Tolerance
The knowledge gained from the Comet accidents led to a new design philosophy called
damage tolerance which has two branches: fail safe and slow crack propagation. It should be
noted that in many cases these branches are recognized as two entities: fail safe and damage
tolerance respectively. For this paper the nomenclature will follow the initial description and
the nomenclature shown in Figure 12 above, which diagrams the hierarchy of fatigue design
philosophies.
The major difference between damage tolerant and safe-life design, is that damage
tolerance recognizes the initial presence of damage and allows for damage growth. For either
of the damage tolerant design philosophies, imperfections inherent in the material are
accounted for by assuming an initial crack size. Using the knowledge that fatigue cracks have
an initial growth period followed by a linear growth region, aircraft designers are able to
predict the growth of cracks. Figure 13 below shows a typical, non-specific crack growth curve.
The vertical axes shows fatigue crack propagation rate in terms of mm/cycle or mm/time for
50 Hz cycle rate. The horizontal axis is the log of the stress intensity range. Weber gives a
summary of damage tolerance, "[damage tolerance] assumes that defects can exist in critical
parts of the airplane at any time, which may remain undetected for some time while the
aircraft is in service. Such defects can occur as early as during the manufacturing process, or
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they can remain safe in the presence of such defects, and that it has to retain its structural
integrity until the defect has grown to a size at which it can be detected by means of
inspection"(Weber 1995).
Because damage is allowed, damage tolerant designs are inherently lighter than
failsafe designs, but require more inspections. The financial savings associated with better fuel
efficiency needs to be weighed against the costs associated with an increase in inspections to
find a financial medium. According to Boller and Buderath 2007, the balance between
efficiency and inspection has resulted in a positive effect on direct operating costs for airlines.
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Figure 13: Generic Crack Growth Curve (Ritchie 1999)
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4.4.2.1 Fail Safe Design
For fail safe designs, structures are designed such that cracks are allowed to grow until
they reach a crack stopper or a whole cross-section may be considered fractured and the
adjacent structure must be designed to sustain the loads of the fractured part until it can be
repaired.
4.4.2.2 Slow Crack Propagation
As an alternative to the fail-safe design, slow crack propagation design allows cracks to
grow until they are a detectable size. The inspection methods and intervals are either
designed such that a crack can be detected before it becomes critical or the part is designed
such that crack growth will fit existing inspection intervals.
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5. Introduction to Structural Health Monitoring
Structural health monitoring (SHM) is the process of observing and reporting damage
and nonconformities within a structure. Structural health monitoring is an expansive field
encompassing a wide range of definitions but for use in this paper, structural health
monitoring is defined as measuring and reporting damage in a structure through the use of
permanent sensors. This is distinguished from non-destructive evaluation (NDE), which is the
measurement and characterization of damage performed offline with portable sensors and is
used to detect and determine size of damage in localized areas. It should be noted that
structural health monitoring can use the tools of NDE (or vice versa) but those tools are
permanent and active so that measurements and observations can be made during the use
phase of the structure.
In the field of structural health monitoring, damage can be defined as "changes to the
material and/or geometric properties of these systems...which adversely affect the current or
future performance of these systems" (Farrar and Worden 2010). Damage in the structure
does not mean failure of the structure but rather corresponds to a non-optimal level of
performance. Physical events such as cracking, corrosion, debonding, impacts, and loss of
material are examples of damage of concern in SHM. The type of damage to be monitored is
dependent on the structure, its use, and environmental.
Structural Health monitoring is a multidisciplinary field involving professionals such as
structural, mechanical, electrical, civil, and computer engineers and involves the fields of
"structural dynamics, signal processing, motion and environmental sensing hardware,
computational hardware, data telemetry, smart materials, and statistical pattern
recognition"(Farrar and Worden 2010). Because of the broad nature of the subject and the
immense potential cost and lifesaving impacts (to be discussed later) of SHM, it is a popular
research topic today and it is growing rapidly. Despite the great amount of research,
successful and popular use of SHM in industry is limited to observation of rotating machinery
(Farrar and Worden 2010). According to Farrar and Worden (2010), the success of SHM in this
industry can be partially attributed to minimal operational and environment variability, well
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defined damage types and locations, large databases, excellent correlation between damage
and the measured data, and clear economic benefits. On the other hand, implementation of
SHM in other fields (including aerospace) has been hampered by practical limitations which
will be discussed in greater detail later.
5.1 Structural Health Monitoring Levels
There are many degrees to which SHM can be achieved and there are 4 recognized
standard levels of SHM. Level 1 is detection and simply answers the question: is there
damage? Level 2 is localization; a level two SHM monitoring system would be able to specify
the location of the damage within the structure. Level 3 is assessment and is capable of
specifying the type and extent of damage. Level 4 is prediction; a successful Level 4 SHM
scheme would be capable of estimating the remaining life and safety of the damaged
structure. Moving up the SHM hierarchy is increasingly difficult and an increasing amount of
data and analysis is required. To achieve the 4th level, the data needs to be used in
conjunction with engineering analysis to assess the damage, likely through a finite element
model. Ideally, a Level 4 SHM scheme would be used in every structure, however it is difficult
to achieve and it is possible that a lower level SHM scheme could still achieve the desired
results. Any level of SHM would be an improvement over the current situation of no
monitoring. In commercial airplanes, just knowing that damage exists would be a huge gain.
Instead of intermediate inspection based solely on time, inspections would only be required
after the SHM system gives an indication of damage. While a higher level of SHM would be
preferable, even implementation of low level SHM systems would be of immediate benefit to
the aviation industry.
5.2 Benefits
In general SHM offers a wide variety of benefits if used effectively. Structural health
monitoring can reduce or eliminate the need for manual/visual inspections, improve safety
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and efficiency, and extend the useful life of the structure. There are many industries that can
benefit from the use of SHM, including aerospace structures, but one particularly large area of
interest is in civil structures especially bridges where the existing infrastructure is aging
beyond its original design life. The only way to monitor these structures is through time and
labor intensive visual inspections. There is no money available for repairing or building new
infrastructure, yet the existing infrastructure is of vital importance to the economy. The
benefits of SHM can be easily seen in civil structures and SHM can benefit other structures in a
similar fashion.
5.3 Structural Health Monitoring Process
According to Farrar and Worden, the process of Structural Health Monitoring can be
broken down into four steps: operational evaluation, data acquisition, feature selection, and
feature discrimination.
5.3.1 Operational Evaluation
Every structure performs differently and has specific requirements. The goal of
operational evaluation it to define the SHM requirements for the particular structure of
interest including defining the damage types, operation and environmental conditions, and
evaluating what limitations there will be on data acquisition such as space, cost,
environmental concerns, etc.
5.3.2 Data Acquisition
Data acquisition entails all aspects of monitoring the structure from the type and
location of sensors to the rate that data is collected to the process of normalizing and
cleansing the data. Data cleansing is the removal of noise and outside disturbances from the
data. Data normalization is the process of determining what data arises from normal
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operational changes (such as changes in temperature) versus data corresponding to damage.
One way of achieving this is by measuring the undamaged structure under a wide variety of
conditions and comparing the operational data to these experiments. Data cleansing is used
to determine what data is significant for the next stage of evaluation.
5.3.3 Feature Extraction
Feature extraction is used to determine what characteristics of the data can be used to
determine damage. The most common method to achieve this is through robust testing of a
structural through incremental damage states and noting the changes in the corresponding
data. An ideal feature is one that indicates a damaged state but does not give an indication
due to normal environmental or operational changes. Features can also be used for higher
levels of SHM. For instance, if a feature is found that is sensitive to damage in only one
location, it can be used to form a Level 2 SHM system.
5.3.4 Feature Discrimination
Feature discrimination is the process that determines which measured values are
indications of damage. The response of the system during monitoring does not directly give
indications of damage and a statistical model needs to be developed that specifies when a
response can be constituted as damage. There are three common methods for developing a
statistical model: supervised learning, unsupervised learning, and outlier (novelty) detection,
which is a branch of unsupervised learning.
Supervised learning uses test data from a damaged structure compared to the
observed data. That way the observed features can be compared directly to a known state
(damaged versus undamaged). While supervised learning is the most informative, it is only
possible when testing of a damaged structure is viable. In the majority, if not all structures,
the structure of interest cannot be damaged and then put into service. It is possible to use a
test structure similar to the real structure as the damaged model; this may be feasible for
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manufactured structures but is certainly not feasible for civil structures. There is also
additional uncertainty associated with accurate performance between the test structure and
the actual structure. Another possibility is the use of a finite element model, but there is
concern of accuracy of the model compared to the real structure.
Unsupervised learning broadly refers to learning performed without a test data set.
Unsupervised learning relies on methods such as pattern recognition, artificial intelligence,
and outlier (novelty) detection.
Feature discrimination and the associated damage detection algorithm needs to be
capable of minimizing false-positive indications and eliminating false negatives. False positive
indications are an inconvenience and are associated with a cost, especially if the structure is
taken out of service or required laborious inspection due to a false positive. False negative
indications, damage that goes unreported, are a safety risk. It is a delicate balance; false
positives are reduced by relaxing the threshold that determines what is characterized as
damage, but this also increases the risk of false negative indications. A tightening of the
threshold increases the risk of false positive indications (Manson, Worden, and Allman 2002
part ii).
5.4 Challenges
There are many challenges remaining for SHM in general. Supervised learning, as
described above, is difficult to achieve. It would require damaging the structure in order to
gather all of the information necessary, financially this is not plausible. Even with
unsupervised learning the structure would need to be tested in a wide variety of operating
conditions which will take significant time and will never be able to mimic all of the possible
normal operating conditions of the structure. The sheer number of possible environmental,
operating, and loading conditions on a structure is daunting.
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6. SHM in Aerospace Structures
As has been discussed, a significant amount of cost and effort is put into inspection
and repair of commercial aircraft. The majority of inspection is visual and frequently requires
time consuming disassembly to access hidden structure with the most common result being
no damage found. As Boller states:
In many cases, we even replace the component with no sign of damage only
because we do not consider any means to receive more continuous
information from these components. In Valeika (2003), this is compared to a
situation where all the kidneys would have to be replaced for all 55-year-old
people because in 0.1% of the cases damage to the kidneys has been observed.
Why do not we apply such principles for human beings also on aircraft? The
answer is quite simple. Human beings have orders of magnitude more sensors
than aircraft have. Their sensors are orders of magnitude more primitive than
the few sensors we use today in aircraft. Sensors in human beings are highly
redundant while the ones in aircraft are mainly not. Biologic sensors can
regenerate themselves by self-healing which the ones in engineering cannot.
(Boller and Buderath 2007)
What Boller describes is the ideal structural health monitoring system, a complete,
integrated smart structure. The ideal SHM system for commercial aviation structures is one in
which low cost, highly reliable, low weight sensors are integrated into the structure without
interference with the structural systems. These sensors would continuously and automatically
collect data and the signal processing would be such that only relevant information is
presented (damage state, strain, loads, temperature) with no false indications and in a
manner that anyone could understand. The ideal scheme would be able to recognize, locate,
and quantify damage and use that damage to estimate the remaining life of the structure. But
this ideal scheme is still a ways in the future especially when considering the Level 3 and 4
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SHM monitoring, quantification of damage and analysis of remaining life. Most of the current
research is in the area of Level 1 and 2 SHM which still provide enormous benefits compared
to the current inspection scheme.
6.1 Benefits
Structural health monitoring would immediately have a beneficial impact on safety as
well as cost savings for airplane operators. First and foremost, having an accurate and reliable
SHM system will better ensure the safety of the aircraft. The system can be placed in the most
remote and hard to inspect areas of the plane providing detailed damage information where
there currently is none. An SHM system will remove the possibility of human error in
inspection and guard against unforeseen events.
The direct cost benefits from implementing an SHM system are diverse. An online SHM
system would reduce (and ideally eliminate) the need for time based inspections, so the labor
and man-hours associated with visual and nondestructive inspection and
disassembly/reassembly can be eliminated. An additional direct cost associated with current
commercial aviation practices is the removal and replacement of undamaged or slightly
damaged parts prior to the end of their useful life. These parts are replaced because there is a
potential safety concern, so it is better to replace the part than risk endangering the structure.
With an SHM system these parts can be monitored giving an indication of when these parts
become damaged and the propagation of damage can be closely monitored. In either case,
the part can be used to the full extent of its life. Overall, it is estimated that SHM can reduce
maintenance costs by 20%, although this number can surely grow with the maturation of SHM
systems (Bartelds et. al. 2004).
Indirect cost benefits from an online structural health monitoring system are also
varied. The first, and possibly greatest, benefit to SHM is that the airplane structure can be
used to its full lifetime, which, by necessity, is longer than the current design lifetime. Airlines
could continue to fly the same planes for as long as it is economical knowing that the life of
the plane will be determined by the actual performance of the structure. It is estimated that a
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2-3 factor of improvement in fatigue life could be realized through implementation of an SHM
system (Boller and Staszewski 2004). Secondly, a reliable SHM system will result in lighter,
more efficient structure and fuel savings in two specific ways. Having up to date information
on the damage status of airplane structures means some of the uncertainty in design,
primarily due to unknown loadings and material variability, can be taken out and structures
can be designed more to the limits with a reliable SHM system to support it. Additionally, as a
part of structural health monitoring, the load induced on the structure will also be measured
(this can be inherent to the SHM system or can be easily added). With the better
understanding of the loads that a SHM system provides, structure can be designed more
accurately and therefore lighter.
6.2 Requirements
For an SHM technique to be effective in commercial aviation applications, the system
needs to meet certain requirements in terms of the types of sensors, data acquisition,
resolution, reliability, and certification. According to Barteld et. al. (2004), a structural health
monitoring system in aerospace structures should be capable of detecting 1-2mm cracks in
aluminum sheet, 5 mm cracks in metallic frames, 100mm cracks in larger structures, 10% of
thickness loss due to corrosion, and 15x15 mm debond areas in composites. In addition, the
SHM system should be able to detect damage 90% of the time with a confidence of 95%
(Barteld et. al. 2004). The SHM system needs to be able to operate in a variety of conditions
and distinguish between changes due to environmental effects and those induced by damage
while maintaining a sharp resolution.
6.2.1 Sensors
Sensors installed in aerospace structures will be exposed to variety of different
environments and must be able to operate reliably and without disturbance despite the
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environment. Figure 14 below details the various environmental concerns sensors should be
designed for.
Sensor Environmental Concerns
Protection from:
eEMC/EMI/EMG
*Lightning
eElectrostatic discharge
eSolar radiation
'X-ray radiation
oIira
Environmental concerns:
eTemperature
eHeating/cooling cycles and
extremes
Flight concerns:
evibration
*Acoustic noise
*Mechanical shocks
*Explosive decompression
Figure 14: Environmental Concerns for Sensors (adapted from: Bartelds et. al. 2004).
6.2.2 Certification
An important part of any technology that makes its way into an airplane is
certification. This is especially true with a technology that plays a big role in the safety of the
aircraft, such as an SHM system. Certification will need to begin with technology qualification,
essentially proof that the sensor system works and is reliable. This qualification will need to be
completed through copious amounts of modeling, analysis, and testing. According to Bartelds
one way to more easily achieve this is through addition of the SHM to the existing hierarchy of
testing in aerospace structures (Bartelds et. al. 2004). Figure 15 below shows a comparison of
the various test performed to certify new airplanes. Testing is set up in a pyramid system, with
the simplest and most numerous tests at the bottom, and proceeds up through testing levels
with increasing testing complexity and decreasing number of tests. Testing begins with
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material coupons, then elements, details, sub-components, and finishing with full scale
airplane fatigue and static testing. Figure 16 below shows the full scale static testing and
Figure 17 show the full scale fatigue testing for the Boeing 787. Bartelds et. al. proposes that
the SHM could be installed throughout the testing regime to simultaneously test the SHM as
proof of quality. It should also be noted that any SHM systems involving embedment of the
sensors in the material will necessitate further material testing and qualification. Finally, like
all systems on an airplane, the airworthiness of the SHM system will need to be proved to the
regulatory agencies through flight testing as well as ground testing.
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Figure 15: Pyramid of Aircraft Testing (Pyramid of Tests 2009)
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Figure 16: 787 Static Testing (787 Static Test Airframe 2008)
Figure 17: 787 Fatigue Testing (787 Fatigue 05 2010)
6.3 Data Processing
The required amount of data for an SHM system is related to the level of resolution
desired and frequency of information acquisition. Data can be obtained continuously but is it
required? The sampling frequency and resolution will need to be determined by the airplane
manufacturers and airlines and data will be collected and processed accordingly. As a part of
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the SHM process, the data will at some point need to be processed and transmitted to the
operator's headquarters.
The raw data can be processed directly, stored, or transmitted. Depending on the
amount of data, it can be processed directly on site via a CPU on the airplane. Potentially this
could provide the pilot with structural health information in flight. The processed data, which
would be a smaller amount of information than the raw data, could be then transmitted to
the airline during flight or stored on the airplane until it has landed. As an alternative to
processing in-flight, the raw data can be simply stored on the airplane via a CPU and then
downloaded after the plane has landed or the raw data can be transmitted during flight. In
either scenario the data would be processed by the airline or airplane manufacturer on the
ground.
There are advantages and disadvantages to each of these schemes of data processing
and transmitting. A big advantage to processing the data on the airplane is the ability for the
pilot to have real time information of the structural performance. This lends the possibility
that the pilot could see that damage exists on a particular part of the airplane and avoid
performing maneuvers that might further damage the structure. This would require an
excellent understanding of how maneuvers relate to loading, which can be assisted with
structural health monitoring. It could be argued that given the majority of the damage being
small scale fatigue cracking there is not much need for the pilot to know the current damage
state and only a need for the maintenance crew to know the location and severity of the
damage. Another advantage of processing in-flight is that the raw data can be discarded after
processing and the processed data can be more easily stored or transmitted. An issue with
processing and/or storing data on the plane that would need to be determined is the
computational power and space required. Space is valuable on an airplane and the airplane
environment may be harsh on computational equipment. Experiments in the literature have
tested SHM systems on airplane components successfully using standard PCs. While there are
orders of magnitude more information required for a commercial airplane than the
components tested, it is likely that common computing equipment could be used which is
encouraging in terms of size and cost.
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Transmitting data runs the risk of tying up or interfering with crucial flight
communication signals, although the SHM data is small in comparison to other forms of
transmitted data. Transmitting in-flight will give the airline or airplane manufacturer on the
ground up to date information on the structure. This gives the airline the opportunity to
recognize damage and prepare a plan of action before the plane lands, possibly giving the
airline enough time to plan inspect and repair the plane as soon as it lands, allowing the
airplane to reenter service sooner. If the data was stored on the plane, the information would
have to be downloaded and processed after the plane landed and would not give the airline's
maintenance crew time to prepare.
6.4 Feature Extraction
A feature must be determined by comparison of the normal data to a set of test data,
there is no way to see what features correspond well to damage without that comparison.
The normal dataset consists of the measured response of the baseline (pristine) structure
under a variety of ambient and specific loading conditions to simulate the various
environmental and operational conditions the structure will experience. The testing dataset
consists of testing the structure under progressive damage states. The differences in the
responses of the structure in the two different datasets are used to determine suitable
features. An ideal feature of a structure would be sensitive to damage but insensitive to
normal environmental and operational changes. Meeting these requirements gives a Level 1
SHM scheme. The features selected for use in the series Worden, Manson, and Allman (2002 i,
ii) represent a Level 1 SHM scheme. To achieve a Level 2 SHM scheme, the feature would also
need to be sensitive to damage in a particular location while insensitive to damage at any
other location. The features used in (Manson and Barthorpe 2010) are a Level 2 scheme,
where the features selected were able to identify simulated damage at a particular location
independent of the surrounding damage states.
Feature extraction represented in the literature involves an exhaustive and subjective
process of comparing testing and normal datasets. There are different levels to which a
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feature represents damage to a structure. Manson gave features the classification as strong,
fair, or weak to define the effectiveness of individual features (Manson, Worden and Allman
2003 part iii). The definitions of the feature classifications with examples from this paper are
given here:
e Strong - With a strong feature, the test data and normal data need to: 1)
appear structurally different, and 2) be strongly separated. Figure 18 below
shows an example of a feature that is strong. The test data peaks (represented
by dashed lines) while the normal data depresses/remains constant
(structurally different) and there is a strong separation in the magnitude of the
data.
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- - - Panel 7 Removed
30
W 10 -
0
324 326 328 330 332
Sample Point
Figure 18: Strong Feature (Manson, Worden, and Allman 2003 part iii)
eFair - A fair feature consists of test data that is differentiated from normal data
by either: 1) appearing structurally different or 2) showing a strong separation
in data. Figure 19 below shows a fair feature from (Manson, Worden, and
Allman 2003 part iii). For the most part the test data (dashed lines) shows a
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structural difference by peaking (with one normal data exception) but is not
strongly separated.
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Figure 19: Fair Feature (Manson, Worden,
211
and Allman 2003 part iii)
* Weak - A weak feature consists of test data that is only separated from normal
data in magnitude and is not strongly separated. Figure 20 below from
Manson, Worden, and Allman (2003 part iii) indicates a weak feature; the test
data is of the same form as the normal data and is only separated by a small
amount.
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Figure 20: Weak Feature (Manson, Worden, and Allman 2003 part iii)
While these figures, features, and nomenclature as specific to the experiment used in
Manson, Worden, and Allman (2003 part iii), they provide a guideline for feature classification
that can be applied to any circumstance.
An important requirement of feature extraction is robust datasets for both damaged
and undamaged states. The normal/undamaged dataset is needed in order to have an
understanding of the types of responses the structure will have due to a variety of operational
environments. The testing data set is required in order to relate the response of the structure
to known physical damage. Without that information the SHM would only be able to show
that the response is outside of is normal state and would not be able to specify that it is due
to damage, where the damage is, or how severe the damage is. The amount of testing
required depends on the desired damage states, resolution, locations of damage, required
reliability, and the SHM system.
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6.5 Damage Detection
In many instances the line between feature extraction and damage detection is blurred
because feature extraction is a fundamental part of damage detection. Even with a good
feature selected a damage detection algorithm is still needed. There is a wide variety of
damage detection methods available and since damage detection is essentially a statistical
manipulation, there any number of user specified ways. The outlier method, artificial neural
networks, and kernel density estimation are three examples of damage detection methods.
The two most common are the outlier method and artificial neural network, both of which
have been used successfully in experimentation (Manson and Barthorpe 2010; Manson,
Worden, and Allman 2003 part i, ii, ii).
An outlier is any measurement that appears outside the normal range of data. For use
in SHM, a feature datum that is outside of the normal range could be considered damage.
Outlier based damage detection methods simply look for features that are outside of the
normal damage range and report those features as damage. The measure of how far an
outlier is from the norm is called discordancy and can be calculated using:
I=x - l/o
Where:
( = discordancy measure
x = outlier value
y = mean
- = standard deviation
It should be noted that in addition to being used for the damage detection algorithm,
the discordancy can be used to help quantify the best features (Manson and Barthorpe 2010).
With the discordancy calculated for each operational data point (data measured during
service) it needs to be compared to a specified threshold discordancy value, above which the
structure will be reported as damaged and below which the data is considered "normal". The
threshold value is specified in any number of ways but the most common is using extreme
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value statistics such as the Monte-Carlo simulation used in (Manson and Barthorpe 2010).
Specification of the threshold value is a major consideration in service. If the threshold is too
low there is a risk of receiving false positive signals but if the threshold value is too high there
is a risk of not reporting damage (Manson, Worden, and Allman 2003).
Neural networks are another common and promising damage detection method.
Artificial neural networks are based on the function of the human nervous system and
reactions between neurons. In SHM, neural networks are computer programs that mimic the
functions of neurons. From Manson, Worden, and Allman (2003 part i) "the network is trained
to reproduce at the output layer those patterns which are presented at the input. In order to
ensure that this is a non-trivial process the patterns are passed through hidden layer which
have fewer nodes than the input layer. This "bottleneck" structure...forces the network to
learn significant features of the patterns" (Manson, Worden, and Allman 2003 part i). If the
measured from the SHM system is in the "normal" range (based on the normal condition
testing data) then neural network should be able to reproduce it accurately. If the data is
outside of the norm, then the neural network will indicate it as damage. An advantage of
neural networks is their capability of learning complex datasets. But neural networks also
require significantly more data than the outlier method which corresponds to a greater
training time and additional resources required (Manson and Barthorpe 2010).
There are a variety of possible data detection algorithms and the use of individual
methods will need to be determined based on accuracy, ease of computing, and computing
time. Ultimately several methods should be experimented with and the most appropriate
method should be chosen. Figure 21 below shows a graphical depiction of what a damage
detection algorithm is looking for. The graph shows the reaction of a particular feature to the
removal of specific inspection panels on a Piper Tomahawk wing. A jump in the magnitude of
the feature when the panel "D1" is removed can be seen, so this feature corresponds very
well with identification of damage at that location. The dashed line in the graph represents
the threshold discordancy calculated for this study. As can be seen, in addition to the excellent
feature selection, the threshold discordancy value sufficiently indicates damage while
eliminated false positives. (Manson and Barthorpe 2010)
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Figure 21: Damage Detection Example (Manson and Barthorpe 2010)
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7. Structural Health Monitoring Schemes for Aerospace Structures
The following sections detail individual health monitoring schemes, the theory,
advantages, disadvantages, and methods of implementation. This paper will start with
vibration based structural health monitoring, before moving on to piezoelectric, MEMS, and
optical fiber sensors, and finally wave propagation techniques: ultrasonic, acoustic emission,
and lamb waves.
7.1 Vibration Based Structural Health Monitoring
7.1.1 Introduction
Vibration based structural health monitoring (VBSHM) is built on the theory that
damage will result in changes to a structure's dynamic properties (namely stiffness, mass, and
damping) and that these changes can be seen by measuring the dynamic response of the
structure. One of the first industrial implementations of VBSHM was in the 1970's on offshore
oil platforms. The use of VDSHM on oil platforms suffered due to practical problems such as
machine noise, hostile environments, changing mass, higher degree of redundancy, and the
inability to excite higher modes (Farrar and Worden 2010). Despite this, VBSHM is a very
promising SHM method in bridge engineering and has been successfully implemented by the
National Aeronautics and Space Administration's Shuttle Modal Inspection System (Farrar and
Worden 2010). VBSHM will be considered here for use on commercial airplanes.
7.1.2 Implementation
As mentioned previously, vibration based structural health monitoring is based on
measuring changes in a structure's dynamic performance. The measurements are of physical
parameters such as acceleration, displacement, and velocity. But this raw data cannot be used
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directly to estimate damage. Certain features of the data, after manipulation and analysis, are
sensitive to damage. The best features are discovered in a process called feature extraction.
Some common features used are acceleration but more commonly modal parameter such as
natural frequency, damping, and mode shape are used. Modal information is more compact
than raw data but requires manipulation. The feature chosen should have a strong correlation
to damage which requires an understanding of how the damaged structure will perform.
Knowledge of the damaged performance can be achieved either with progressive damage
testing or analysis. Once the features that strongly correlate to damage are selected, these
features need to be compared to the baseline features of the pristine structure. One
requirement of VBSHM is that the dynamic response of the pristine structure is needed for
comparison purposes. Comparisons of the features for in-service structure to the baseline
structure can give an indication of the damage severity and location.
There two possible ways of inducing structural responses: experimental and
operational modal analysis. With experimental analysis, the structure is out taken out of
service and a known artificial excitation is induced. This method has the distinct advantage of
simpler data processing and analysis because the induced excitation is known. However, for
most structures, especially civil structures, it is not possible to take the structure out of service
and artificially excite. But given the smaller size and maneuverability of airplanes this remains
a viable solution (Manson and Barthorpe 2010). The second method is operational modal
analysis wherein normal operating (ambient) conditions are used to excite the structure. The
advantage of this is that the structure does not have to be taken out of service and SHM can
be performed online. One disadvantage of operational modal analysis is that more
complicated data processing and analysis is required.
7.1.3 Data Acquisition
Although not required, the standard physical parameter measured for VBSHM is
acceleration. The biggest reason for using accelerations is the use of accelerometers for direct
measurement. Measuring displacement or velocity is more difficult. Accelerometers are
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common and inexpensive; they can be encased in hardware for protection and isolation, and
can be very small. In addition, accelerometers can be either wired directly or connected to a
wireless device. There a pro's and cons for either wiring or wireless. Depending on the
number of sensors, wiring can be cumbersome, but considering the extensive use of wiring
existing on commercial airplanes, the additional wiring for accelerometers could be
considered minimal. Wireless devices have the convenient ability to be placed independently
in any location within range, although issues with powering the device (batteries or energy
capturing), security, and interference/noise can emerge.
7.1.4 Feature Extraction
As discusses previously, a feature is a parameter of the data (either before or after
processing) that shows a correlation to damage states. There is no standard for what
parameters should be used as features; in fact different features will be more applicable to
certain types of damage and locations than others. Acceleration, mode shape, modal
frequency, and modal damping are examples of features that could be used in VBSHM. Modal
parameters are common due to the compact nature of the data. Some successful testing of
VBSHM has been performed with transmissibilities (Manson, Worden, and Allman 2003 part i,
ii, iii) and frequency response functions (FRF) (Manson, Worden, and Allman 2003 part i, iii).
7.1.5 Damage Detection
In theory any damage detection algorithm could be used in VBSHM, however the most
common methods used in the literature are outlier analysis and artificial neural networks
(Manson, Worden and Allman 2003 part i, iii). In Manson, Worden, and Allman (2003 part i)
these two methods, along with a third method, kernel density estimation, were tested side by
side. The outlier and ANN methods proved the most useful although the ANN required a
larger set of normal and test data. A combination of methods, such as in Manson, Worden,
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and Allman (2003 part ii), where the outlier analysis was paired with an ANN, can also be
used.
7.1.6 Benefits
Vibration based structural health monitoring has many advantages. Sensors, primarily
accelerometers, are common, inexpensive, and small. The sensors have versatility of being
wireless or wired. Vibration based monitoring can be easily used in service and gives nearly
real time monitoring (time is needed to perform the analysis). The raw data measured could
be used for any number of feature extraction and damage detection algorithms and it is
possible that more than one damage detection algorithm could be used in a single SHM
system. VBSHM is quick and global form of monitoring.
7.1.7 Challenges
Due to the global nature of the measurements, VBSHM is a global monitoring
technique and is not sensitive to small damage. Fatigue cracking, the most common problem
facing aging aircraft, is a form of small damage. Some testing has put the detection limit as
10% on VBSHM for aircraft (Vanlanduit, Guillaume, and Linden 2003). Ten percent of the
airplane wing's global area (which is built up of multiple stringers and skins) is an unacceptably
small damage detection level. For commercial aviation the order of magnitude of detection
would need to be at least 10% of the area of a solitary part (such as a stringer).
A greater challenge concerning VBSHM is the environmental and operational changes
it would experience during the life of the aircraft. As mentioned previous, VBSHM assumes
that damage will affect physical parameters of the structure (stiffness, mass, and damping)
which result in changes in a structure's vibrational response, which can be measured. But
environmental and operational conditions can also affect the vibrational response. The
greatest of these concerns would likely be changes in mass. The mass of a commercial
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airplane is a variable quantity. Every flight will have different operating mass (takeoff weight)
dependent on the number of passengers and the distance flown (which controls the amount
of fuel needed). In addition, during flight the mass changes as fuel is consumed. So, a VBSHM
system needs to be capable of distinguishing between these changes due to normal operation
and changes due to damage. Likely, a VBSHM system would need to be integrated with a
system for monitoring ground takeoff weight and fuel levels in order to correct for operational
mass changes.
The final challenge facing VBSHM, and all SHM systems to be used on aircraft, is the
amount of test data required in order to accurately detect damage. Aircraft have a wide
spectrum of operating conditions. Temperature, pressure, ice buildup, takeoff weight, and
fuel weight all vary during flight and all have an effect on the vibrational response of the
structure. In order to accurately detect damage, a "normal" dataset containing the measured
response of the structure under all of these operational conditions is required. This
corresponds to a substantial amount of data required before the airplane enters service.
Along these same lines, Manson, Worden, and Allman (2003 part ii), who performed an
experiment using the removal of inspection panels to simulate damage, showed that
variability in the connections of the panels had an effect on the vibrational response of the
structure. While every aircraft of a particular type is built with the same specifications, the
results vary greatly from plane to plane. The amount of change from one aircraft to another
needs to be explored and if the differences are too great, every airplane built would require a
normal dataset. The amount of testing required to meet these goals may be insurmountable.
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7.2 Fiber Optic Sensors
7.2.1 Introduction and Theory
In Section 6.2.1 the types of environmental effects a sensor would need to withstand
were listed, specifically Figure 14. In addition to those, sensors need to be lightweight, small,
and cost effective. Fiber optic sensors are able to meet a majority of the environmental
requirements listed while maintaining a light weight and small size. Optical fibers are made of
bundles of glass or plastic fibers used for the purpose of transmitting light. The ability of these
fibers to transmit light is used by many industries including health care (especially orthoscopic
surgery) and communications. By measuring changes in properties of the light transmitted
through the fiber, the fibers can also be used to measure a variety of different parameters. At
least 60 different parameters can be measured by fiber optics including: temperature,
pressure, flow, strain, load, thickness, position, rotation, humidity, pH, vibration, shape, as
well as many other physical and chemical properties (Mrad 2002; Mrad 2004).
Optical fibers are made up of a central light transmitting core of specific size,
surrounded by a cladding (with a much lower refractive index than the core) and covered by a
protective jacket. Figure 22 below shows cross sections of typical optical fibers. There are
three common types of optical fibers: multimode stepped index, multimode graded index, and
single mode which can be either stepped or grated. Multimode stepped fibers have a
homogenous core and light reflects randomly at the transition between the core and cladding.
Multimode graded fibers have a core with a refractive index that changes from the center out
to created guided waves. Inside the single mode fibers, light transmits in a straight line
without reflective off of the cladding. These three fiber types, and a depiction of light traveling
through them, can be seen is Figure 23 below.
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Figure 22: Optical Fiber Cross-section (Mrad 2002)
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Figure 23: Optical Fiber Types (Mrad 2002)
In addition to a variety of types of fibers, there are a number of sensor interrogation
techniques and fiber optic sensing mechanisms. As mentioned previously, optic fibers can be
used as sensors if changes in the properties of light propagation are measured. A variety of
light wave properties can be measured including intensity, polarization, phase, modal content,
and interference (Ansari 2009; Mrad 2002). While any of these methods could potentially be
used for SHM, the most common is interferometric or phase modulated sensors. The two
most common interferometric fibers are Fabry-Perot and fiber Bragg grating (FBG) sensors. Of
these two, FBG sensors have shown superior in terms of multiplexing and multi-axis
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measuring capabilities (Mrad 2002). FBG sensors are commonly used for measuring strain,
pressure, and temperature.
7.2.2 Fiber Bragg Grating Sensors
A fiber Bragg grating sensor is created by permanently altering the refractive index of
an optical fiber using ultraviolet beams to create an interference pattern at specific locations.
These modifications to the refractive index, called gratings, act like mirrors for a specific
wavelength of light. Figure 24 below shows the effect of the grating on incident light waves. A
portion of the wave is reflected at the grating while a smaller portion transmits through. The
light reflected at the grating has the ability to measure parameters of interest at the grating
such as temperature or strain, essentially creating a sensor at the location of grating. If
multiple gratings are used on the same fiber, then the light transmitted through the first
grating is reflected at the second grating, and similarly for additional gratings, again see Figure
24. This is known as multiplexing and a Bragg grated fiber can have on the order of hundreds
of different gratings on a single fiber, creating on one fiber with hundreds of sensors (Mrad
2002).
Fiber Bragg grating sensors operate by measuring changes in the pitch length or
refractive index. Propagation of waves in fibers is based on the equation: LO = 2nA, where AO
is the wave length, n is the refractive index (a material property), and A is the periodicity,
which is based on the permanent grating applied to the fiber. A change in the measured
wavelength of the reflected light must be due to either a change in the refractive index
(environmental changes such as temperature) or a change in the periodicity (indicates a
physical change such as strain).
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Figure 24: Light Wave Propagation in Optical Fibers (Mrad 2002)
7.2.3 System
Implementation of optical fibers in structural health monitoring system would require
the dispersion of optical fibers throughout the structure. These fibers can be bonded to the
outside of structure or embedded within a composite structure. The sensors would need to be
connected to a set up similar to what is shown in Figure 25 order for interrogation, data
manipulation, processing, and output of results. Fiber optic sensors measure strain, they do
not directly measure damage. A method of converting the strain information gathered into
information that indicates damage is required. This inevitably requires a connection between
damage and strain. There is a gap in the literature the subject of relating fiber optic system
measurements to damage. With vibration based monitoring this step required a large amount
of testing of various damage states. Because fiber optic systems measure a structural
parameter, strain, perhaps a physical damage model with a strong with a strong empirical
relationship is not needed. This opens the possibility of pattern recognition based damage
detection, which is an unsupervised learning type.
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One of the most promising and researched applications of fiber optics is embedment
of a layer of fiber optic sensors within a composite structure. This is made possible by the
resilient nature and small size of the fibers. Optical fibers also share mechanical properties
similar to the structural fibers used in the composite. This type of system allows for
monitoring of the structure during both manufacturing and during operation as a SHM sensor.
Embedded sensors can monitor autoclave temperature and pressure, and the strain,
humidity, cure status, voids, and delaminations of the cured structure. It also allows for the
possibility of strain imaging in two dimensions. Embedment of optical fibers in a composite in
cylindrical pressure vessels has been used to successfully to create 2-dlimensional strain
images (Udd 2006). A problem with embedment of optical fibers in a composite material is
that access to the fibers for connection to the monitoring system is required. One possible
connection for the embedded fibers to the system is shown in Figure 26 below. But this set up
requires a hole in the structure and there is still a risk of the fibers and connectors being
damaged during manufacturing as the structure is shipped and assembled.
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Figure 26: Embedded Optical Fiber Connection (Mrad 2002)
7.2.4 Benefits
There are numerous benefits to using fiber optic sensors as a structural health
monitoring system. The fibers are light, small, and geometrically flexible allowing them to fit
into tight spaces without interfering with the structure. Optical fibers are immune to
electromagnetic interference, radio frequency interference, radiation, corrosion, and can be
safely used in high temperature and explosive environments. Fiber optic sensors can be used
without changing the conductivity of the parent material, which is important for lightning
strike considerations. With multiplexing, a single fiber can measure hundreds of points with
sub millimeter resolution (Mrad 2002; Udd 2006). The sensors have a high bandwidth, can
measure multiple parameters simultaneously, have a low signal to noise ratio, and show little
deterioration over time (Mrad 2002). Fiber optic sensors have the capability of being bonded
externally to structure or embedded within the material. In addition to SHM during operation,
embedded sensors can be used to monitor the structure during manufacturing. While the
optical fiber systems are expensive at this time, the growth of this technology, across multiple
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disciplines including health care and communication, also means that the sensors may
become cheaper with time.
7.2.5 Challenges
While structural health monitoring using fiber optic sensors is promising and has been
used successfully in several applications, there are still some challenges and questions that
need to be resolved before implementation of such a system would be possible.
Fiber optic sensors need to be proven to be durable and reliable for the life and
operating conditions of the structure, especially where the fibers are embedded in the
structure and cannot be replaced. Fiber optic sensors have thus far shown to be durable,
although these tests were not performed under authentic operating conditions (Mrad 2002).
Durability also needs to extend beyond the fibers to the bonding mechanism, for both
embedded and non-embedded fibers. For embedded fibers, if the fibers become disbonded
from the rest of the structure, which could be possible given that the optical fibers are a
different material than the composite fibers, then the sensors become useless and are
impossible to replace. Similarly for sensors bonded on the outside of the structure, that bond
must be durable for the life of the structure in order for the system to function properly.
Fiber optics are very sensitive to environmental changes, hence their use as
measurement tools for a variety of environmental parameters. For the most part, these
environmental effects can be accounted for, usually through the use of a reference fiber that
is detached from the structure and is used to track environmental changes (Mrad 2002). But if
the reference and sensing fibers experience different environmental conditions, then there is
a possibility of false indications. Fibers that are less sensitive to environmental concerns are
required.
Optical fibers are relatively weak and can be damaged easily, which is especially a
concern during manufacturing. For embedded sensors there needs to be a connection
between the fibers and the rest of the SHM system. The sensors need to be put in place
during the composite layup and cured with the rest of the structure, so the analysis system
cannot be connected until after curing. Placement of the sensors will likely not occur until
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after the airplane is mostly assembled but before the interior is in place. The fibers will need
to be accessible after placement to facilitate connection to the SHM system, so they must be
exposed, but protecting those fibers during manufacturing is a major concern. Figure 26
above, which showed a possible connection method for embedded sensors to the analysis
system, may not be acceptable; the connection requires a hole in the composite and features
a weak connection between the system and the sensors.
There are additional issues that need to be addressed as well. How can fiber optic
sensors be bonded to the structure during manufacture, does it need an autoclave to properly
bond, and will bonding interfere with corrosion protection and structural installations? Fiber
optic sensor layers are a promising scheme for pressurized vessels, such as the fuselage of the
airplane, but cracks and damage are more likely to initiate at fastener locations and there is
no information in the literature about the performance of these fibers near holes. The last
issue that needs to be addressed is what kind of testing or learning is required by the system
in order to detect damage.
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7.3 Wave Propagation Methods
There are various damage detection methods that are based on measuring physical
properties of high frequency wave propagation. Some of these methods were introduced in
the nondestructive evaluation section of this paper, Section 3.3. While there are many types
of possible wave propagation scenarios, three methods will be discussed here: acoustic
emissions, ultrasonic, and guided waves (namely Lamb waves). Each method is based on high
frequency wave propagation but is differentiated by the wave type and the response
measured. The propagating waves can either be ambient (such as in acoustic emissions) or
induced by mechanical means (ultrasonic). While the induced waves can be of any form,
Figures 27-30 below show some of the common types of waves that can be introduced to the
structure and their particular uses. The frequency, amplitude, and duration of the input
excitation affects the propagation of the wave through the specimen and the choice of input
excitation type depends on material properties, sensors used, signal processing capabilities
and damage size, type and location.
Time
Figure 27: Sine Wave Excitation (adapted from: Giurgiutiu et. al. 2000)
e Figure 27 above shows a sine wave. This is the simplest form of excitation and
is easy to generate, but the frequency needs to be prescribed for the particular
structure and a damage of interest.
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Time
Figure 28: Frequency Sweep Excitation (adapted from: Giurgiutiu et. al. 2000)
* Figure 28 above depicts a Frequency Sweep wave form. This generated wave is
similar to the sine wave above with the exception of the wave having a
variable frequency which allows for testing and monitoring multiple
frequencies in one test.
Time
Figure 29: Frequency Burst Excitation (adapted from: Giurgiutiu et. al. 2000)
* Figure 29 above shows a Frequency Burst waveform. The frequency burst
contains as tuned frequency of limited duration which allows for it be easily
distinguished from background noise. This is the most common waveform used
in ultrasonic testing.
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Time
Figure 30: Impulse Excitation (adapted from: Giurgiutiu et. al. 2000)
Figure 30 shows an impulse type wave. The impulse wave is capable of exciting
a wide range of frequencies and can simulate impact damage.
Wave propagation techniques can use a variety of transducers and actuators but the
most common are piezoelectric, optical fibers, and micro-electro-mechanical (MEMS) devices;
these transducer types will be illustrated here before discussion of wave propagation
methods.
7.3.1 Piezoelectric Sensors
Piezoelectric materials respond to mechanical strain by emitting an electrical response
and, conversely, respond to an electrical input with a mechanical strain. This behavior was
first discovered in the 1880's and is a result of a non-uniform distribution of charges in a
crystalline material (Staszewski et. al. 2004). These materials can be natural, such as quartz, or
manmade such as piezoelectric ceramic, namely lead zirconate titanate (PZT), or
polyvonylidene fluoride (PVDF), which can be made into a flexible film. Ceramics are brittle
and tension stresses can lead to mechanical damage and depolarization of the material.
However, ceramics are the most common piezoelectric material used in damage detection.
Piezoceramics can be fabricated into thin plates or discs, paints, fibers, or integrated into a
film such as Smart LayersTM .A major advantage to these devices is their ability to act as both a
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sensor and actuator. When bonded or connected to a structure, these devices will convert the
mechanical strain of the parent structure into an electrical signal (voltage). If a voltage signal
is introduced to the piezoelectric device, it will impart a mechanical strain on the structure, an
essential feature for some of the wave propagation damage detection techniques. The
correlation between strain and voltage is based on material properties and equations can be
found in Staszewski et. al. 2004. Piezoelectric materials have limits in operating conditions in
terms of temperature and voltage and see changes in properties that must be accounted for
with temperatures above 45 C (Staszewski et. al. 2004).
7.3.2 Fiber Optic Sensors
Fiber optic sensors were introduced and discussed in detail in Section 7.2. These
sensors can be used in wave propagation SHM methods as sensors to detect changes in wave
propagation due to damage. For optical fibers to be used for some of the wave propagation
methods, a separate set of actuators would be required.
7.3.3 Micro-Electro-Mechanical Devices
Micro-electro-mechanical devices (MEMS) are microscopic mechanical devices formed
on silicon wafers using processes developed for integrated electronic circuitry manufacturing.
Layers of silicon are removed using electron beams, photolithography, thin-film deposition,
and wet or dry etching, leaving behind three dimensional structures on the micron scale.
These structures can be beams, detectors, gears, engines, actuators, valves, pumps, motors,
mirrors, diaphragms, and other mechanical devices (Hoffman 2002; Scott 1993). Some
examples of these microscopic structures can be seen in Figures 31 and 32 below. The first
commercial use of MEMS devices was as an accelerometer used for airbag deployment.
MEMS devices are used in a variety of fields such as guidance systems, structural health
monitoring, flow in aircraft engines and wings, miniaturized Global Positioning Systems,
electronic displays, and as measuring devices for parameters such as stress, temperature,
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pressure, and acceleration (Scott 1993). The silicon material used in MEMS devices have high
resistance to fatigue and temperature but are limited in high-strain applications due to
brittleness of the material (Zhange 2000).
Figure 31: MEMS Post Style Actuator (McWhorter 2008 Close up)
Figure 32: MEMS Ratchet (McWhorter 2008 Ratchet)
The MEMS devices used in structural health monitoring are small scale actuator and
sensor devices and are similar in form and function to piezoelectric sensors. A MEMS
actuator/sensor can be incorporated into a think wafer that can be either bonded or
embedded within a structure in a similar fashion as the piezoelectric devices. A growing future
in MEMS devices is the possibility of wireless sensing and actuation allowing the sensor to be
more easily distributed in tight locations, with the restriction that reliable power must be
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supplied to the device for the life of the structure. One potential disadvantage of MEMS
devices is the requirement of electrical leads at each sensor. These leads could be integrated
into a "smart layer" such as described in more detail in Section 7.3.8.
7.3.4 Acoustic Emissions
As structural damage, which is initiated by defects in the material, grows the rapid
redistribution of stress releases energy in the form of a high frequency sound waves that
travels throughout the structural element. An acoustic emissions based SHM system monitors
these events. Damage events are short, transient events with frequencies between 100-1000
kHz, and have properties as defined by Figure 33 below. These waves penetrate deep within
the structure and in all directions making monitoring with a small number of sensors possible.
Sensors must be capable of converting mechanical disturbances into an electric signal; fiber
optics, MEMS, and piezoelectric devices are all used but piezoelectric ceramics are the most
common. Acoustic emissions monitoring can give up to Level 3 SHM. Detection of acoustic
emission events corresponds to Level 1: detection of damage. An array of sensors used in
conjunction with source locating data processing (the source distance of the emission can be
computed based on properties of the response) can be used to triangulate the location of the
emission/damage (Level 2). Finally the burst rate, which is a calculation of the energy emitted
based on the response of the sensor, can be used to estimate damage severity which
corresponds to a Level 3 SHM system (Staszewski et. al. 2004).
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Acoustic emissions is a passive system, no input excitation is required. It can be used
for a variety of materials and direct access to the structure is not required. The acoustic
response can be subject to noise via mechanical and electrical disturbances although these
disturbances can be calculated out of the response. An acoustic emissions system needs to be
calibrated against a known transient signal. Unfortunately, acoustic emissions due to damage
are transient events, and the acoustic response must be captured at the time of initiation, i.e.
there is only one chance to detect the damage. Because of this, an acoustic monitoring
technique must be continuous and some uncertainty concerning possibility of missed events
will always be present (Staszewski et. al. 2004).
7.3.5 Ultrasonics
An introduction to ultrasonic testing, including theory, was given is Section 3.3.1. The
current discussion will not reiterate the theory behind ultrasonics but briefly discuss the
implementation of an ultrasonic SHM system.
The difference between ultrasonic inspection and an ultrasonic-based structural health
monitoring system is essentially the use of permanent sensors within the structure. The
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system could be composed of actuators and sensors (or devices that are capable of both)
placed in a network about the structure. The actuators would interrogate the structure at
specific time intervals and the sensors would record the response of the structure. That data
can then be processed to determine the location and severity of damage. Due to the
similarities between the various high frequency wave damage detection methods, a general
discussion of how all of these systems handle data processing and damage detection will be
discussed at one time in Section 7.3.4.
7.3.6 Lamb Waves
Lamb waves are simply a form of guided ultrasonic waves. These guided waves are a
superposition of various modes formed into a wave packet. Lamb waves are the most
common type used for SHM purposes. Lamb waves are used in plate and shell type structures
and induce excitation on both surfaces of the plate. Lamb waves are far reaching but
dispersive, limiting the number of modes that can be utilized. The thickness of the
component, structural complexity, input excitation, transducer type and placement all have
an effect on the behavior of Lamb waves. Lamb wave excitation is complicated and results in
complication of the measured responses. Therefore intelligent signal processing is a major
requirement. Figure 34 below shows the propagation of Lamb waves through a plate
specimen.
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Figure 34: Progression of Lamb Waves in a Specimen (Staszewski et.
al. 2004)
7.3.7 Data Processing and Damage Detection
Data collected for a SHM system using high frequency wave propagation depends on
the type of wave, structure, and damage in question, but is a measure of a response of the
structure such as impedance, wavelength, reflection, or intensity. Identification of Level 1
SHM: damage detection, is a matter of identifying changes in the measured response of the
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structure which can be easily accomplished by comparing the baseline response of the
structure to the in-use response and noting changes. The location of damage (Level 2) for
wave propagation SHM techniques is also fairly simple assuming an adequate network of
sensors exists. The measured response of a structure due to the damage is capable of
establishing distance between the sensor and the damage (the method used is dependent on
the type of response) and with the distance measure from at least three sensors the location
of damage can be triangulated. For Level 3 SHM a better understanding of the relationship
between the measured response and damage is required.
As discussed previously, SHM requires some comparison between damage level and
associated measurements at the sensors. This can be done with a physical model (actual or
simulated damage testing of the structure) or data driven (based on comparing features at
different states). While physical model based learning can be used for wave propagation SHM
systems, these systems also lend themselves well to data driven learning. High frequency
wave methods for SHM are.capable of closely monitoring the location and propagation of
damage providing a detailed set of damage data at various stages which eases the use of
comparison based damage detection methods. These methods generally involve the use of
artificial neural networks and artificial intelligence (Giurgiutu et. al. 2000).
7.3.8 Hybrid Piezoelectric - Optical Fiber System
Piezoelectric and optical fiber sensors can be combined to form a hybrid system. This
system could take any number of forms but would likely be similar to Figure 35 below. As can
be seen, piezoelectric actuators (PZT) are distributed throughout a network of optical fiber
sensors. Although not required, the network of sensors and actuators could be built into a
bondable sensor layer. One possible type of sensor layer is shown in Figure 36 below, which
details a skin of three layers (circuit, cover and carrier layer) that contains all of the required
circuitry, PZT actuators, fiber optic sensors, and protection/isolation. The piezoelectric
actuators introduce a controlled excitation on the structure, the response of which is
measured by the fiber optic sensors. Changes to the structure will change the response
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measured by the fiber optic
measured by the fiber optic
system (Qing et. al. 2005).
sensor. Figure 37 below shows the change in the response
sensor before and after simulated damage on a test hybrid
Piezoelectric actuators
Fiber optic sensors
Figure 35: Diagram of Hybrid SHM system (Qinq et. al. 2005)
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Figure 36: Hybrid PZT/Optical Fiber Smart Layer (Qing et. al. 2005)
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Figure 37: Change in Measured Response Due to Damage (Qing et. al. 2005)
A hybrid PZT - fiber optic sensor system would be capable of monitoring defects,
damage, delamination, and corrosion. When set up in a layer system, it could be bonded
externally to a structure or embedded within a composite structure. A hybrid system would
be capable of performing quick nondestructive inspection and long term monitoring (Qing et.
al. 2005). There some possible challenges of monitoring a structure with this type of hybrid
system. To be monitored, damage must take place between the PZT and the sensor at
relatively short distances. The number of actuators and sensors required to monitor the whole
structure could become unmanageable. This system, along with all SHM systems, requires
establishing a correlation between measured responses and damage which requires extensive
damage testing. This system also faces some of the challenges faced by the individual senor
systems that were described previously such as bonding, sensor protection, sensor to
interface, and so on.
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8. Challenges
Before implementation of a structural health monitoring system in commercial
aviation there are a number of challenges that need to be overcome and questions that need
answering.
8.1 Perception
One of the least quantifiable challenges facing SHM is the perception and limited
understanding by the concerned parties. A system that regulates the safety of an aircraft
would be highly scrutinized by aircraft manufacturers, designers, airplane operators,
regulatory agencies, and the traveling public. Changing the status quo is always a difficult task
but when it comes to safety, there will be an even higher level of resistance until the system
has been proven satisfactory. Structural health monitoring systems will not be fully trusted
until rigorous real world testing has been completed. The irony is that the current inspection
and maintenance programs in use are highly prone to human error, it is the redundancy of the
structure and the high design loads used keep aircraft safe. Certainly, a SHM of any type will
improve the safety of the aircraft by eliminated some of the human error, but until a SHM has
be thoroughly proven it will never gain full acceptance.
8.2 Cost
Costs associated with implementation are high are probably the foremost limitation on
current development of SHM. The cost concerns limiting structural health monitoring in
commercial aviation is twofold: research and development costs and implementation cost.
Before a SHM system could be implemented extensive testing and certification must
be completed on the sensors and systems. This includes development of robust and reliable
sensors, damage detection algorithms, computing systems, and system interfaces. The level of
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reliability required must be accomplished through a rigorous testing scheme under a variety
of operational, environmental, and structural conditions and for the lifetime of the structure.
The testing and development required correlates to a vast financial investment. While the
total cost of research and development presents a limiting challenge, who incurs those costs is
an additional concern. While airplane operators will reap the benefits of SHM (improved
efficiency, maintenance cost reduction, and extended life) it is the aircraft manufacturers who
are ideally situated to develop and implement a structural health monitoring system. Aircraft
manufacturers have the necessary expertise in the structure, engineering, testing, and
certification to implement a SHM system; however they receive no financial incentive for
doing so. Either the manufacturers can invest in development of SHM with the knowledge
that 1) they can charge airlines for implementation of the system, 2) it will boost aircraft sales,
3) they can provide a SHM service for a fee or 4) it opens the door for manufacturers to
become aircraft owners who then lease the aircraft to operators.
After development of an appropriate SHM system, there is also the concern of the cost
of implementing such a system. The implementation costs include the sensors, actuators,
computing systems, installation, operation, and maintenance. Certainly the cost of the
equipment and installation will be paid by the manufacturer to be compensated by the
purchaser of the aircraft. The operation and maintenance costs will depend on the
organization of SHM as a business. If the airlines use the SHM system during the life of the
aircraft without any required correspondence with the manufacture, than operation and
maintenance cost would be the airline's responsibility. In such a scheme the manufacturers
install the system and perform their own inspections, similar to the current practice.
Manufacturers only become involved when repairs are required. On the other hand, if the
SHM system communicates directly with the manufacture and the manufacturer relays
appropriate information to the airline. In this system maintenance and operational costs will
likely be covered by the manufacturer and the manufacturer would take on the responsibility
of monitoring the structure as a service that airlines pay for.
The costs associated with implementing a SHM system will certainly go down with
time, as development has done with many new technologies. Although no exact figures are
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available concerning the cost of an airplane SHM system, it is believed that the cost
improvements due to SHM (material efficiency, maintenance reduction, and increase life
span) will result in financial savings over the life of the structure.
8.3 Data Processing and Damage Detection
Perhaps the most limiting technical factors for implementation of SHM in aerospace
systems are the areas of data processing and damage detection algorithms. The problems
facing this part of SHM are 1) separating environmental changes from structural changes and
2) correlating measured responses to various damage states. In order for any SHM system to
achieve any of the established levels of monitoring, information correlating the
measurements of the sensors to damage states (existence, locations, severity) is required. As
discussed previously, there are several ways of making this correlation, the three main
methods are: damage testing of a physical model, damage testing of a finite element model,
and pattern recognition.
Physical model based learning requires the use of a physical model of the structure
that is incrementally damaged creating a known structural response for particular damage
states. The first and greatest obstacle with this method is that intentionally damaging the
structure is not acceptable. A model of the structure could be built for testing purposes but
that requires a prohibitive amount of resources. Currently manufacturers must construct two
test airplanes (one for static testing and the second for fatigue testing) in order to certify a
new aircraft. It is possible that a third testing aircraft can be used to test and calibrate the
SHM system, but this corresponds to cost in the hundreds of millions of dollars. Possibly the
SHM system could be implemented on the static and fatigue test airplanes to facilitate
damage test, those these structures will not be intentionally damaged. One possible
alternative is simulating damage through addition of mass or stiffness to a structure, but this
method leaves uncertainty in determining how mass and stiffness compare to actual damage.
An additional concern with physical model based learning is how many damage states
are required during test? The number of possible damage types, locations, and combinations
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is nearly unfathomable and testing such conditions requires extensive time and resources.
Testing requirements are compounded when environmental influences are also considered.
Finally, if physical model based learning is used, can one model be used to define the SHM
system for every airplane of that type? No matter how exact the manufacturing process, every
airplane is going to be different and certainly each airplane's structural response will be
different. There is then an additional challenge of how small variations from one airplane to
the next can be incorporated in the SHM system.
As an alternative to the physical model based learning described above, a possible
method of relating damage to response is through the use of a finite element model. This
method allows for the structure to be easily and cheaply tested under any type of damage
state and the changes in structural response under those conditions can be simulated. The
fundamental concern with this approach is accuracy of the FEM in relation to the real
structure. Finite element models are based on assumptions, are susceptible to human error,
and can vary greatly from the performance of the actual structure. An additional problem with
FEM based learning is how the FEM can relate to observations made by sensors. This method
may be more appropriate for a SHM method such as VBSHM where the physical responses
such as acceleration data in the FEM can be compared to acceleration measurements made
by accelerometers. This is opposed to high-frequency wave based approaches where sensors
measure voltage, so how can the response of sensors be simulated in FEM?
The third method of relating measurements to damage states is based on statistical
pattern recognition. In general these approaches use artificial intelligence and artificial neural
networks to compare sensor data from various states. New data is compared to older data in
order find patterns that relate to possible damage scenarios. Because the SHM system in
dependent entirely on the Al and ANN algorithms the greatest concern with such a system is
whether or not the algorithms can be robust and reliable enough such that they can be
trusted with the safety of the structure.
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8.4 Environmental
Airplanes operate under a massive variety of conditions, from environmental
conditions such as temperature changes, weather, and altitude, to operational changes such
as airplane maneuvers, landing, pressurizations levels, and gust events. All of these normal
conditions can produce changes in the response of the structure and are a source of possible
false negative indications for a SHM system. Any SHM system used needs to be insensitive to
environmental changes but sensitive to damage. This sensitivity can be adjusted by selecting
features of the response data that are insensitive to the environment, setting a higher
damage threshold limit, or monitoring the environmental conditions simultaneous with the
structural response. Setting a higher damage threshold level makes the system less sensitive
to environmental; unfortunately it also makes the system less sensitive to damage. Given the
scale of damage of concern on commercial aircraft, this is likely not acceptable. Simultaneous
monitoring of the environment is a possible alternative but there is a risk that if the reference
sensor and SHM sensor experience different environmental effects, false indications will be
given.
In order to limit environmental influences on a SHM system, an understanding of how
the structure performs under a variety of conditions is required. In order to get this
understanding, the structure and SHM system need to be tested under all of the
environmental conditions the structure could experience over its lifetime. This is a nearly
insurmountable amount of testing and may not be a possible solution. Perhaps a certain
toleration of false indication will be acceptable, the consequences of which would be a
detailed visual inspection, which is no different than current practice.
8.5 Detailed Structures
There is almost an exclusive focus in literature is on structural health monitoring in
large, plate-like areas. While these types of structures are prevalent in aircraft (simulating
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fuselage, wing, and bulkhead skins), the true structure of a commercial aircraft is more
complicated. Attached to those skins are ribs, stringers, frames, and doublers. The skins
themselves commonly have variable thicknesses and milled pockets for weight reduction. All
of these factors leave some uncertainty as to how a SHM system will react when faced with
real instead of idealized structure.
The literature also focuses on damage centered in the middle of a plate-like are, but
most damage in commercial aviation is due to fatigue and most fatigue damage initiates at
holes. There is the gap in the literature concerning SHM in relation to holes. The first issue
that needs to be address is placement of sensors near or around holes without interfering
with the fasteners or joints. Secondly, the issue of whether or not SHM techniques can
accurately detect cracks around a hole without being disturbed by the presence of the holes
or joints needs to be addressed.
SHM systems also need to be broadened beyond plate-like structures. Outer skins,
which make up a large portion of an airplane's plate-like structure, are some of the easiest
areas to inspect due to external access to the skin and may not be the areas where SHM is
most needed. Research needs to be performed for SHM techniques that are also applicable to
a variety of structures including stringers, frames, ribs, stiffeners, beams, etc. The difference
between these structures and plate structures may make some SHM techniques unavailable
such as Lamb wave based techniques which relies on a phenomenon found in plate-like
structures.
8.6 Sensors
There are two aspects of sensors that need to be addressed before SHM can be
acceptable for commercial use. The first is reliability and durability and the second is
installation.
For a SHM system to be acceptable the sensors must perform reliably under a variety
of extreme conditions for the life of the aircraft. While many tests have shown that potential
sensors are durable, none of these tests have been performed on an active aircraft under
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operational conditions for the life of the aircraft, and the test have not been performed in
such numbers as to provide statistical evidence of the sensors' reliability and durability. This
extends beyond the physical sensors to include the bonding mechanism as well. Whether the
sensor is bonded to the surface or embedded within the material, the bond must be durable
for the life of the aircraft. If the bond fails, the sensor fails which poses a potential risk to
safety. A SHM system with the capability of assessing itself would be ideal. Under such a
system, sensor failure can be immediately recognized.
The second major issue limiting sensors is installation. For embedded sensors, the
sensors must be in place early in the manufacturing stage, before curing of the composite.
This brings a couple of issues to light: the sensors need to be able to withstand the composite
curing process and a method for connecting the sensors to the rest of the SHM system needs
to be devised. Possible methods are access panels or leads left partially out of the structure.
Access panels require cutting a hole in the structure, which may not be structurally
acceptable, and leads outside the structure are susceptible to damage during the
manufacturing process.
For sensors bonded to the structure, when and how this bonding occurs is an issue
that needs to be considered. It would be unacceptable for the bonding process to require
temperature and pressure controlled environments as this is a significant departure from
current practice and would require new manufacturing processes and tools to implement on
metal structures. The alternative, which is the only probably option, is patch bonding using
heating elements at the location of sensor attachment. Sensors in hard to reach areas need to
be installed while access is still available but again there is an issue of how those sensors will
be connected to the SHM system and how those connections will be protected during
manufacturing. Finally, the effect of bonded sensors on the corrosion performance of the
structure also needs to be evaluated, i.e. will bonded sensors need to be installed without the
corrosion inhibitor layer found on metallic airplane structure and will it have a negative effect
on corrosion performance of those structures?
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8.7 Certification
Certification is the final hurdle for all new aircraft and aircraft components. For a
component that directly affects safety, such as a SHM system, certification is vitally important.
Like other aircraft components, certification will be achieved through rigorous testing. Testing
will initiate with laboratory testing on components, similar to what is found in the literature,
before progressing on to full scale ground testing under a variety of conditions, fatigue testing
and culminated with inflight testing. Due to the impact the SHM system will have on safety,
certification of a SHM system will likely require a flight testing scheme where an SHM system
is installed and backed up with standard visual inspection. The entire certification process will
involve a large amount of time and money, which will be a huge deterrent. While certification
will required a large amount of testing and corresponding cost, it is one the of the most
straight forward of the challenges SHM needs to overcome in order to be implemented; this is
due, in part, to need to do this testing as a part of the research and development process and
it represents a familiar process in the commercial aviation industry.
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9. Summary
To survive in a competitive financial environment, airlines must cut costs wherever
possible. Maintenance, of which inspection plays a large role, is one area airlines are focusing
on cutting. Currently visual inspection (assisted by NDE techniques) is used to inspect all areas
of aircraft which requires excessive disassembly and reassembly. The most common type of
damage in aircraft is fatigue cracking of metallic structure. Inspection and design philosophies
of commercial aircraft has evolved due to several tragic events, most notably Aloha Airlines
flight 243 and the de Havilland Comet. These events transitioned design philosophy from safe-
life to damage tolerance and introduced new inspection requirements such as those placed on
aging aircraft for multisite damage.
Structural health monitoring provides a way for airlines to reduce costs while
improving safety. Structural health monitoring can reduce cost by: improving efficiency
through smarter designs and reduced safety factors, extending structural lifetimes, and
reducing or removing the need for labor intensive inspections that also take the airplane out
of service. An overview of the requirements for a SHM system and sensors was also given.
SHM is a multistep process involving operational evaluation, data acquisition, feature
selection, and feature discrimination. Of these the most important steps are probably the
feature selection and discrimination as these are the steps that define what the system
considers damage. To provide accurate damage detection a comparison must be made
between the measured response and various damage states. This must be done through
either physical model, FEM model, or pattern recognition based methods.
Various types of structural health monitoring techniques and sensors were explored.
Specifically vibration based, optical fiber sensors (specifically Bragg fibers), piezoelectric and
MEMS transducers/actuators, and the high frequency wave methods: acoustic emission,
ultrasonic, and Lamb waves. A specific hybrid piezoelectric/fiber optic sensor system was also
explored.
Finally, an in-depth look at the challenges and restrictions facing implementation of
structural health monitoring in commercial aviation was given.
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10. Conclusions
There is no doubt that SHM is beneficial both financially and in terms of life safety.
Likely all interested parties (manufactures, regulatory agencies, and airlines) want to move in
the direction of smart aerospace structures. It can be seen in the literature that there is no
shortage of SHM system possibilities or experiments, but little evidence of use in the industry
(Farrar and Worden 2010). In order for structural health monitoring to make the leap from
research topic to valuable tool for the commercial aviation industry, testing needs to move
from the lab room to an airplane. The parties ideally suited to facilitate that transition are the
manufacturers. Manufacturers should see this as a business expansion opportunity. In
addition to selling the plane, the manufacturer can sell a SHM system and service. There is
also a possibility of manufacturers moving into the business of owning and leasing aircraft
with a SHM system that allows them to compete with existing owners based on the preferable
economics SHM provides.
As a first step, the manufacturing company should choose one "hot spot" location on an
existing aircraft and install a SHM system. Preferably the aircraft should be aged so that
damage can be monitored without waiting for the structure to become susceptible to age
related damage. Additionally, the operator of the aircraft would need to be willing to have the
system installed. With the system in place, the manufacturer/operator can monitor the
structure as it progresses through its usual lifetime, including standard inspections. This
testing will serve several purposes:
1. The sensor/system reliability and durability will be tested under real flight conditions
2. The system will be tested on an actual structure instead of an idealized structure
3. Damage will be real instead of simulated
4. Installation and maintenance of the system can be assessed
5. The sensitivity and accuracy of the system can be check against visual inspections
6. Allows for the possibility of testing several sensors, systems, features, and damage
detection algorithms simultaneously for comparison purposes
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7. A successful test will show that the system is more accurate and reliable than standard
techniques
8. An "unsuccessful" test will lead manufacturers to areas of the system that need
improving
A possible alternative or simultaneous step is installation of a SHM system on a fatigue
test airplane. As mentioned previously, as a part of certification of new airplane type, an
aircraft is tested on the ground under operating loads for a mimicked life of the aircraft. This
process is currently in progress for the Boeing 787. Attaching a SHM scheme to this airplane
would allow for some real world damage detection data under operating loads in a low risk
environment. This is also a step that will likely assist the certification process of the SHM
system. While certainly only the beginning of a long development period, either (or possibly
both) of these steps should be taken in order for SHM to make progress towards
implementation in commercial airplanes.
There are two key points that operators, manufacturers, and other interested parties
should keep in mind when choosing a SHM system: 1) combinations of SHM systems are
possible and 2) any level of SHM is a step forward. It is unlikely that one and only one type of
structural health monitoring system is the perfect system for commercial aviation. Given the
diversity of the structure, loads, and possible environment influences, it is more probable that
several, perhaps redundant, SHM systems are more fitting for commercial aviation. A
combination of global and local, passive and active systems with redundancy would help
eliminate or alleviate some of the challenges and disadvantages facing particular systems.
Another key consideration is that currently no structural health monitoring system is used
in the aerospace industry so implementation of any SHM system will be beneficial. If
interested parties are waiting until a Level 4 SHM system is developed before investing in or
implementing a SHM system, that day may never come. Technology development is an
iterative process and there is no reason that SHM needs to skip from the current state of no
monitoring straight to Level 4 or even Level 3 systems. Level 1 and Level 2 systems each
provide an immediate benefit compared to the maintenance program currently in place. A
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Level 1 system can tell operators when to inspect aircraft so aircraft are inspected based on
performance instead of inspections based solely on time intervals. This would result in
elimination of needless inspections and provide immediate financial and safety benefits. A
Level 2 system would further simplify inspections by telling operators where inspections need
to be performed, again providing immediate benefits. If the location of damage can be
specified then maintenance crews will not have to spend time locating the damage and can
then skip to designing a repair for the structure.
The technology, expertise, and research necessary to implement SHM in commercial
aviation exists, it just needs to make the next step into industrial use. Manufacturers need to
seize this opportunity to expand their business and reap the potential benefits. It will be a
long road (with significant cost) before a SHM system is developed to a point where it is
certified and an even longer road until it sees wide spread use. But in order to progress,
structural health monitoring needs to move from the laboratory to the airplane and
manufacturers should view it a new revenue mechanism step up as the party responsible for
implementing a SHM system.
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